The ubiquitin-proteasome system is the main pathway for selective protein degradation in all eukaryotic cells, where it mediates protein quality control and the destruction of critical regulatory proteins 1,2 . Protein substrates covalently modified with a polyubiquitin chain are targeted to the 26S proteasome for ATP-dependent proteolysis. Despite this crucial role of the ubiquitin-proteasome system for protein degradation, the mechanistic principles of the proteasome remain largely elusive.
a r t i c l e s
The ubiquitin-proteasome system is the main pathway for selective protein degradation in all eukaryotic cells, where it mediates protein quality control and the destruction of critical regulatory proteins 1, 2 . Protein substrates covalently modified with a polyubiquitin chain are targeted to the 26S proteasome for ATP-dependent proteolysis. Despite this crucial role of the ubiquitin-proteasome system for protein degradation, the mechanistic principles of the proteasome remain largely elusive.
The eukaryotic 26S proteasome is a ~2.5-MDa molecular machine that is formed from at least 33 different subunits. It consists of a barrelshaped 20S core particle that is capped on one or both ends by the 19S regulatory particle. The core particle contains an internal chamber with sequestered proteolytic active sites and gated axial pores to restrict substrate entry 3 . Access to this chamber is controlled by the regulatory particle, which is also responsible for the recognition, deubiquitination, engagement, unfolding and translocation of substrates [4] [5] [6] [7] . The regulatory particle includes 19 different subunits and can be divided into the base and lid subcomplexes. The base contains a ring of six distinct AAA+ ATPases in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 (ref. 8) , which constitutes the ATPdependent motor of the proteasome and docks on top of the core particle. Additional integral components of the base are the ubiquitin receptor Rpn13, as well as two large scaffolding subunits, Rpn1 and Rpn2 (refs. 9-11) . The nine-subunit lid, which includes the deubiquitinating enzyme Rpn11 (refs. 12,13) , binds asymmetrically to the side of the base-core complex and positions the second ubiquitin receptor, Rpn10, close to the lid-base interface above the entrance of the processing pore 9, 10, 14 .
Once a substrate is tethered to a proteasomal ubiquitin receptor, a complex set of enzymatic activities defines the pathway to degradation. The substrate must be deubiquitinated by Rpn11 while the ATPase ring of the base engages an unstructured degradationinitiation region of the protein, mechanically disrupts globular structures and translocates the unfolded polypeptide into the peptidase chamber. ATP hydrolysis by the Rpt subunits of the base is crucial for substrate degradation, yet it remains unclear how these six distinct subunits work together to drive ATP-dependent unfolding and translocation.
Previous studies of the related homohexameric unfoldase ClpX have suggested that ATP hydrolysis occurs in one subunit at a time with a certain degree of coordination, such that subunits may contribute additively and equally to substrate processing 15 . However, the homomeric nature of ClpX hinders an assessment of whether all six subunits indeed sequentially progress through the different stages of the ATP hydrolysis cycle. The unique heterohexameric architecture of the proteasomal ATPase ring has thus raised the fundamental question of whether the six Rpt subunits are functionally equivalent or have distinct roles in ATP hydrolysis and substrate processing. Although Rpt1-Rpt6 share highly homologous AAA+ ATPase domains, they differ substantially in their N-terminal coiled-coil domains, which interact with the laterally bound lid, and in their Cterminal unstructured tails, which mediate interaction with the core particle and trigger gate opening to the proteolytic chamber 7, [16] [17] [18] . Furthermore, recently described EM structures of the apo and substrate-bound 26S proteasome revealed distinct vertical asymmetries within the base ATPase ring 9, 10, 19, 20 . In the absence of substrate, the large AAA+ subdomains of Rpt1-Rpt6 adopt a pronounced spiral-staircase configuration, with Rpt3 at the top and Rpt2 at the bottom. Notably, after substrate engagement, the base switches to a more planar ring conformation that is characterized by a spiral staircase with Rpt1 at the top and Rpt4 at the bottom 20 . However, the functional importance of these staircase configurations, which are potentially manifested as differential contributions of the subunits to substrate degradation or subcomplex interactions within the holoenzyme, has yet to be determined.
Endogenous 26S proteasome has been used to investigate the roles of individual Rpt subunits, revealing functional differences in their contributions to base assembly, 26S holoenzyme formation, ATP hydrolysis, peptidase gate opening and substrate degradation 7, [21] [22] [23] [24] [25] [26] [27] [28] . Despite these results, limitations in working with the endogenous proteasome, in part because of in vivo assembly problems or lethal degradation defects, have largely prevented extensive systematic studies and a quantitative mechanistic understanding of the individual processes that are involved in substrate degradation.
Here we investigated the mechanisms underlying ATP-dependent substrate processing by the heterohexameric unfoldase of the 26S proteasome. To define the differential contributions of individual Rpt subunits to ATP hydrolysis, substrate degradation, peptidase binding and gate opening, we developed systems for the heterologous expression of the base subcomplex and the in vitro reconstitution of partially recombinant proteasomes, and performed systematic mutational analyses of key catalytic and structural motifs.
RESULTS

Heterologous expression of the base subcomplex
For the present studies, we produced the base subcomplex of the proteasome from S. cerevisiae in E. coli by coexpressing 13 yeast proteins, including nine integral base subunits (Rpt1-Rpt6, Rpn1, Rpn2 and Rpn13) and four proteasome assembly chaperones (Nas2, Nas6, Rpn14 and Hsm3 (refs. 29-32) ). We isolated the assembled base by tandem-affinity purification, using tags on two different subunits, followed by gel-filtration chromatography. Purified base exhibited the appropriate stoichiometry and no subunit truncations, as revealed by SDS-PAGE (Fig. 1a) and mass spectrometry. Nas6, Hsm3 and Rpn14 stably associated with the recombinant base, whereas these chaperones were not present in the base purified from yeast, as indicated by SDS-PAGE, native PAGE (Fig. 1b) and size-exclusion chromatography (Supplementary Fig. 1 ). This result is consistent with studies of in vivo proteasome assembly indicating that Nas6, Hsm3 and Rpn14 are displaced after the base binds to the core particle and lid, whereas Nas2 dissociates at an earlier stage of base assembly 26, 29, 30, 33 . One model for in vivo base assembly proposes that the core particle might act as a template to facilitate the proper arrangement of Rpt subunits in the hexameric ring 26 . However, our successful constitution of the base subcomplex in E. coli rules out a strict requirement for such a templated assembly mechanism.
We compared the activities of the recombinant base to those of the endogenous yeast base. Both base subcomplexes hydrolyzed ~51 ATP per enzyme per minute in the absence of substrate ( Table 1) . We determined the ability of the ATP-bound base to interact with the core particle and induce gate opening by monitoring the fluorescence increase after peptidase cleavage of the fluorogenic peptide substrate Suc-LLVY-AMC. In the presence of ATP, the recombinant base stimulated core-particle activity approximately 20-fold, similarly to endogenous yeast base. In agreement with previous reports, we measured about two-fold higher peptide hydrolysis with the nonhydrolyzable analog ATP-γS compared to ATP (R.B., unpublished data) 4, 34 , a result that may be due to potential differences in the ATPase-ring conformation 19 or to the dynamics of the base-core interactions.
Furthermore, we also reconstituted the 26S holoenzyme using either endogenous or recombinant base and the lid and core particle purified from yeast. We assessed proteasome reconstitution by native PAGE (Fig. 1b) and in vitro degradation of a polyubiquitinated model substrate ( Supplementary Fig. 2 ), a GFP-titin V15P -cyclin-PY fusion protein, whose degradation can be measured through the decrease of GFP fluorescence (Fig. 2) . Proteasomes reconstituted with saturating amounts of the recombinant or endogenous base degraded substrate at a maximal rate of 0.3 per enzyme per minute, which is comparable to the rate of 0.32 per enzyme per minute that we observed for holoenzyme purified from yeast ( Rpn10, an intrinsic ubiquitin receptor that does not co-purify with isolated lid or base subcomplexes. Consistent with previously described degradation defects in the absence of Rpn10 (ref. 35) , we found that omitting Rpn10 or deleting its ubiquitin-interacting motif resulted in 40-fold slower degradation ( Fig. 2a and Supplementary Fig. 3 ), despite the presence of the second ubiquitin receptor, Rpn13. Because proteasome formation did not depend on Rpn10 (R.B., unpublished data) and degradation was not facilitated by Rpn10 lacking its ubiquitin-interacting motif, this result suggests that Rpn10 is either the primary receptor for our model substrates or required in combination with Rpn13 for multivalent ubiquitin-chain binding.
Functional asymmetry of the heterohexameric AAA+ unfoldase
To examine the roles of Rpt1-Rpt6 in nucleotide-dependent substrate processing, we individually abolished their ATP hydrolysis by systematically introducing a catalytic mutation in the recombinant base. In the homohexameric bacterial unfoldase ClpX, mutation of the conserved Walker-B glutamate prevents hydrolysis and induces a permanently ATP-bound state in the mutated subunit 36 , but other AAA+ unfoldases require distinct Walker-B mutations to eliminate ATP hydrolysis activity 37, 38 . We therefore tested the effects of various substitutions of the conserved Walker-B aspartate and glutamate residues by simultaneously placing them in all six Rpt subunits (Supplementary Note). Ultimately, mutation of glutamate to glutamine (E→Q) allowed for the proper assembly of base that exhibited wild-type levels of peptidasebinding and gate-opening activities despite being inactive in ATP hydrolysis ( Table 1 ), indicating that this mutation traps Rpt subunits in a permanently ATP-bound state. We next introduced a single E→Q mutation per hexamer to fix individual Rpt subunits in the Summary of ATP hydrolysis rates (base), peptidase stimulation (CP and base) and degradation rates (reconstituted 26S proteasomes) for all base variants included in this study. Values for each assay are expressed in both absolute terms and as a normalized percentage of WT base activity (% WT). Base mutants are designated as EQ (E→Q, Walker-B), YA (Y→A, pore-1 loop), DN (D→N, pore-2 loop), EN (E→N, pore-2 loop), NT (C-terminal tail truncation) or KS (K→S, Walker-A) followed by a number indicating which Rpt subunit contained the mutation (1-6). Degradation activities for the E→Q mutants are included for both multiple-turnover and single-turnover conditions (shown as multiple-turnover rate/single-turnover rate). Errors were estimated to be ±10% (s.d.) on the basis of repeat measurements (n ≥ 3 technical replicates). Full data are shown in Supplementary Table 1 .
a ATPase and degradation activities for the K→S (Walker-A) mutants represent the lower bounds because of varying degrees of misassembly observed for these base mutants. ND, not determined. npg a r t i c l e s ATP-bound state and test their contributions to ATP hydrolysis and core-gate opening. Depending on which subunit was mutated, we observed considerable differences in their activities ( Table 1) , indicating that the Rpt subunits are functionally nonequivalent. ATP hydrolysis by the isolated base decreased by more than 60% upon mutation of Rpt3, whereas inactivating other subunits had either minor effects (Rpt1, Rpt4 and Rpt5) or notably increased the rate of hydrolysis (Rpt2 and Rpt6). Peptidase stimulation by these base mutants also varied: mutated Rpt5, Rpt2 and Rpt6 caused 20%, 30% and 60% stronger gate opening, respectively, compared to the wild-type base; mutated Rpt4 did not lead to noticeable changes; whereas mutations in Rpt3 and Rpt1 decreased the gate-opening activity by 20% and 30%, respectively, despite proper complex formation with the core particle. It is important to note that the measured ATPase and gate-opening activities reflect an average of the five nonmutated Rpt subunits and are influenced by subunit communication. The increase in ATPase activity resulting from mutation of Rpt2 and Rpt6, for instance, is probably caused by the response of neighboring subunits to a permanently ATPbound state. Some of these stimulated ATP hydrolysis events may be nonproductive and thus not result in increased substrate-degradation rates. This idea is supported by the fact that most base variants containing a mutant Rpt subunit showed no stimulation or even a slight repression in ATP hydrolysis activity after the addition of substrate, whereas the ATPase rate of the wild-type base approximately doubled under these conditions ( Supplementary Fig. 4) .
To explore the distinct roles of individual Rpt subunits in substrate processing, we reconstituted proteasomes with base variants containing single-subunit E→Q mutations and compared their rates of ubiquitin-mediated substrate degradation under multipleturnover conditions (Fig. 3a) . An E→Q mutation in either Rpt3 or Rpt4 eliminated substrate degradation completely, and mutated Rpt6 resulted in a 90% decrease in degradation rate. Mutations in Rpt1 and Rpt5 lowered the degradation rate by 73% and 56%, respectively, whereas the Rpt2 mutant showed no defect. The observed degradation defects were not the result of compromised proteasome assembly, as all mutants stimulated peptidase gate opening ( Table 1) and bound lid and core particle (Supplementary Fig. 5a,b) . Considering the order of ATPase subunits within the base (Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5), it is evident that mutants with severe degradation defects (Rpt6, Rpt3 and Rpt4) map to one half of the ring.
We next investigated the mechanistic role of individual Rpt subunits at different stages of substrate processing by performing singleturnover degradation experiments ( Fig. 3a and Supplementary Fig. 5c ). In contrast to steady-state analyses, these measurements discriminate between potential defects in substrate engagement versus translocation and unfolding. The resulting data for GFP substrate turnover were best fit by a double-exponential decay. Because GFP loses fluorescence in a single unfolding step, this double-exponential behavior was likely due to two types of substrates that probably varied in their ubiquitin tagging and were degraded at different rates. The two rates averaged to roughly match the multiple-turnover rate, and the base mutants exhibited the same ranking of activities as they did in multiple-turnover degradation ( Fig. 3a and Table 1) . Even under these single-turnover conditions, Rpt3 or Rpt4 mutants did not show any measurable degradation, whereas the Rpt6 mutant degraded substrate at 5% of the wild-type rate. This Rpt6 mutant exhibited a short lag preceding the exponential fluorescence decay ( Supplementary  Fig. 5c ), which may indicate delayed substrate translocation and unfolding due to defects in engagement. The 95% decrease in degradation rate may thus originate from slower engagement instead of or in addition to compromised unfolding and translocation. The complete lack of substrate degradation for ATPase-deficient Rpt3 or Rpt4 may similarly be a consequence of severe engagement defects.
Spiral staircase configurations of the base
EM reconstructions of the ATP-bound 26S proteasome in the absence of substrate revealed that the large AAA+ subdomains of the Rpt subunits adopt a pronounced spiral-staircase configuration around the ring 9, 10 (Fig. 3b) . Rpt3 occupies the highest and Rpt2 occupies the lowest position relative to the core particle, with Rpt6 bridging the vertical gap between these two subunits. The degradation defects of E→Q mutants and the inferred contributions of individual Rpt subunits to substrate degradation largely correlate with the vertical positions of the subunits in this pre-engaged staircase. Conformational changes in subunits at the top of the apo spiral (Rpt3, Rpt4 and Rpt6) thus appear to be critical to engage a substrate and initiate translocation, whereas subunits in lower positions are less important.
Our recent EM reconstruction of the translocating proteasome demonstrated that substrate engagement induces substantial conformational changes in the regulatory particle, leading to a more planar ATPase ring with a rearranged staircase of pore loops, in which Rpt1 is at the top a b 
and Rpt4 is at the bottom position (Fig. 3b) 20 . On the basis of the static appearance of the spiral and single-molecule data for the related protease ClpXP, we previously proposed that the substrate-engaged staircase represents a default dwell state adopted by the base before or after coordinated ATP hydrolysis events progress around the ATPase ring 20 . Notably, in the present study, we observed an approximate 70% reduction in degradation activity when ATP hydrolysis was eliminated in Rpt1, which is located at the top of the substrate-engaged staircase. Rpt1 may therefore have a special role in processive substrate translocation, possibly by triggering the coordinated ATP hydrolysis of subunits.
Differential contributions of pore loops
Previous work on various AAA+ unfoldases proposed that a conserved aromatic hydrophobic (Ar-Φ) loop protrudes from every ATPase subunit into the central channel and undergoes nucleotide-dependent power strokes to drive substrate translocation 22, [39] [40] [41] [42] [43] [44] [45] [46] . To study these loop functions in the proteasome, we constructed base variants with a tyrosine-to-alanine mutation in the Ar-Φ loop of individual Rpt subunits ( Table 1 and Fig. 4a) . A loop mutation in Rpt3, Rpt4 or Rpt6 decreased the rate of ATP hydrolysis by 15-25%, whereas a mutation in Rpt1, Rpt2 or Rpt5 stimulated ATPase activity by 30-75% compared to wild-type base. Ar-Φ-loop mutations have been observed to stimulate ATP hydrolysis in some AAA+ unfoldases, including ClpX and the proteasome 22, 40 , likely caused by reduced steric constraints on loop movements within the central pore. In addition, subunit communication may induce changes in neighboring, nonmutated subunits, making it infeasible to specify individual Rpt contributions to overall ATP hydrolysis activity using only the Ar-Φ-loop data. All Ar-Φ-loop mutants exhibited peptidase gate-opening activities at 65-85% of the wild-type level, with the exception of mutant Rpt2, which had 38% activity ( Table 1) . Rpt2 occupies the lowest position in the apo staircase of ATPases, and docking the PAN crystal structure into the Rpt2 EM density map indicated that its Ar-Φ loop is located close to the core-particle interface, where direct or indirect contacts with the N termini of α-subunits may affect gating. However, despite this defect in gate-opening activity, the Ar-Φ-loop mutation in Rpt2 did not lower the affinity of the base for the core particle (K d = 138 nM compared to K d = 127 nM for the wild-type base).
Proteasomes reconstituted with the Ar-Φ-mutant base variants degraded substrate at substantially different rates (Fig. 4a) . We observed the biggest defects for mutations in Rpt4 and Rpt2, which are located in the clockwise-next position relative to the top subunit in the substrate-free and substrate-engaged spiral staircase, respectively. That the ranking of defects for Ar-Φ-loop mutations appears shifted clockwise by one subunit compared to the defects observed for Walker-B mutants likely results from the fact that loop mutations act primarily in cis on a subunit's ability to translocate, whereas eliminating ATP hydrolysis may affect conformational changes in the clockwise-next subunits. This is consistent with the rigid-body model that was recently proposed for ClpX 47, 48 in which the small AAA+ subdomain of one subunit and the large AAA+ subdomain of its clockwise-next neighbor move as one unit to propel the substrate through the pore. ATP hydrolysis in a particular subunit might thus drive movements of the clockwise-next rigid body, which includes the substrate-interacting Ar-Φ loop of the neighboring subunit. For the proteasome, only the rigid body between Rpt3 and Rpt4 at the top of the spiral staircase appears to be present in the absence of substrate 9 , whereas the remaining rigid bodies form during substrate-induced conformational changes 20 . Those rigid bodies within the substrate-engaged ATPase ring could thus cause the ranking of Rpt contributions to appear shifted by one subunit when comparing Ar-Φ-loop and Walker-B mutants.
Our data qualitatively coincide with results from a recent study using endogenous 26S proteasomes from yeast, demonstrating a comparable ranking of degradation defects for individual Ar-Φ-loop mutations 22 , with the exception of Rpt2. The fact that no single Ar-Φ-loop mutation completely abrogated degradation may indicate that multiple Rpt subunits simultaneously interact with the substrate during engagement and translocation, as has been suggested for the bacterial unfoldase ClpX 40 . Furthermore, removal of the Ar-Φ-loop tyrosine may not fully abolish pore-loop function and would thus cause much weaker defects than a Walker-B mutation, which traps the entire subunit in a static ATP-bound state. Figure 3 Degradation activities for base variants with a Walker-B E→Q mutation in individual Rpt subunits correlate with the subunit's position in the spiral staircase arrangement of the base. (a) In vitro degradation rates for reconstituted proteasomes containing base variants with single Rpt subunits fixed in a permanent ATP-bound state by the E→Q mutation. Degradation under multiple-turnover (gray) and single-turnover (black) conditions was monitored by the loss of fluorescence resulting from the degradation of a polyubiquitinated GFP fusion substrate. Degradation activities were measured relative to that of the reconstituted proteasome containing wild-type (WT) recombinant base. Errors for multiple-turnover degradation rates were estimated to be ±10% (s.d.) of the mean WT value on the basis of repeat measurements (n = 3 technical replicates). The circular diagram is an alternative representation of the multiple-turnover data, with each number referring to the respective Rpt subunit and the line thickness corresponding to the observed degradation activity for a mutation in that subunit. (b) The large AAA+ subdomains of Rpt1-Rpt6 adopt distinct spiral staircase arrangements in the absence or presence of substrate. Shown are cartoon representations of the pre-engaged (top) and substrate-engaged (bottom) staircases based on cryo-EM reconstructions 9, 20 , with the individual Rpt subunits splayed out and their pore-facing sides pointing to the right. In the pre-engaged spiral, the small AAA+ subdomains of Rpt1-Rpt6 are arranged in a relatively planar fashion, whereas the large AAA+ subdomains are differentially lifted out of the ring plane, resulting in a pronounced spiral staircase with Rpt3 in the highest position and Rpt2 in the lowest position. In the substrate-engaged spiral, the small and large AAA+ subdomains are mostly level, and the staircase orientation of the pore loops originates primarily from differential rotations of subdomains in the plane of the ring. 
r t i c l e s
The pore-2 loop, which is located below the Ar-Φ loop in the central channel and directly adjacent to the Walker-B motif, has been implicated in substrate binding and unfolding as well as in peptidase interaction and the control of ATPase activity in ClpX 41, 47, 49 . A recent study on the archaeal homohexameric unfoldases Cdc48 and PAN suggested that the pore-2 loop also interacts with the proteasomal core particle 50 . As the importance of the pore-2 loop in 26S proteasome function is unknown, we replaced the highly conserved aspartate with asparagine (D→N) in the pore-2 loops of individual Rpt subunits, with Rpt2 requiring a glutamate-to-asparagine mutation in this position. Base variants with a single pore-2-loop mutation hydrolyzed ATP up to three-fold faster than wild-type base, with the exception of Rpt1, which showed a 25% decrease when its pore-2 loop was mutated ( Table 1) . The increased ATPase rates are reminiscent of previous observations for ClpX 49 and may have resulted from induced structural changes in the pore-2 loop that affect the adjacent Walker-B portion of the ATPase active site. Proteasomes reconstituted with pore-2-loop mutants exhibited a wide range of degradation rates (Fig. 4b) , with the most severe defect induced by mutation of Rpt3, which is located at the top of the substrate-free staircase. Changes in substrate degradation did not directly correlate with changes in ATP hydrolysis, indicating that, similar to our observations for the Ar-Φ loop, pore-2-loop mutations may interfere with substrate interactions and thus result in futile ATP hydrolysis events. We noted the largest discrepancies between ATPase and degradation activities for pore-2-loop mutations in Rpt3 and Rpt4, corroborating that Rpt subunits at the top of the pre-engaged staircase are particularly important for substrate processing, presumably by enabling efficient engagement. The degradation defects did not appear to be a consequence of compromised gate opening, as all pore-2-loop mutants showed robust peptidase-gate opening activity that ranged from 84% to 192% that of wild-type base ( Table 1) . The substantial variations in gate opening indicate that pore-2 loops are involved in unfoldase-peptidase communication and the Rpt C-terminal tails are not the sole determinants of the interaction between these subcomplexes. Our results thus further emphasize the functional differences between individual Rpt subunits.
Three-fold symmetry at the base-core interface
In contrast to the half-ring asymmetry of individual Rpt-subunit contributions to substrate degradation, previous studies have suggested a three-fold symmetry for the base-core interaction in which the C-terminal tails of Rpt2, Rpt3 and Rpt5 dock into core-particle pockets 9, 10 . Only these three subunits contain the conserved C-terminal HbYX (hydrophobic, tyrosine, unspecified) motif that is critical for inducing core-particle gate opening 7, 17, 18 . The three remaining tails have been postulated to stabilize the complex 7 , but recent crosslinking, structural and biochemical studies have provided further conflicting results regarding which C-terminal tails mediate core-particle binding 9, 20, 33, 51 . Moreover, it has been suggested that the nucleotide state of an Rpt subunit affects the conformation of its C-terminal tail, thereby modulating peptidase interactions 52 . Individual Rpt subunits are thus expected to contribute differently to base-core interactions, but a detailed model for the specialized roles of C-terminal tails in peptidase binding, gate opening and substrate transfer is lacking.
Our recombinant-expression and in vitro reconstitution system allowed truncation of the Rpt C-terminal tails to quantitatively characterize their contributions to the stability and function of the basecore complex. Consistent with previous studies, we found that the HbYX-containing tails of Rpt2, Rpt3 and Rpt5 are crucial for gate opening of the core particle. These three tails were independently and nearly equally important, as the truncation of each individually reduced the gate-opening activity of the base by 90-95% ( Fig. 5 and Table 1) . Surprisingly, removing the tail from Rpt6, which lacks an HbYX motif, also decreased gate opening by 75%, whereas truncating Rpt1 and Rpt4 had little effect.
Titration experiments revealed that the C-terminal tails of Rpt1, Rpt4 and Rpt6 do not contribute to the stability of the base-core complex. The three individual tail-less mutants and the triple mutant bound the core particle with K d values that were similar to or even lower than the wildtype value (Fig. 6) , which may indicate that these tails cause steric clashes or compete with neighboring HbYX-containing tails for designated binding pockets. In contrast, truncating HbYX tails strongly affected peptidase binding. Tail truncations in Rpt2 and Rpt5 lowered the affinity for the peptidase approximately 1.3-fold and 5.6-fold, respectively. A base variant lacking all three HbYX tails did not bind the peptidase (Fig. 6j) . Affinity measurements for the base with tail-less Rpt3 were impeded by a lack of a quantitative readout, as this mutant neither triggered core-gate opening nor exhibited core-mediated repression of ATPase activity. 
r t i c l e s
Proteasomes reconstituted with saturating amounts of base lacking a single tail from Rpt2, Rpt3 or Rpt5 showed decreased substrate degradation at 44%, 16% or 47%, respectively, of the wild-type rate (Fig. 5b) , which is probably a consequence of gate-opening defects. A base variant with tail-less Rpt6 supported degradation at more than 80% of the wild-type rate. Robust degradation despite compromised gate-opening activity, as we observed for Rpt6, may occur because translocation by the base pushes substrate through a partially opened gate, whereas the gateopening assay reports solely on peptide diffusion into the peptidase.
Interaction of base and core particle to open the gate is known to be ATP dependent and differentially stimulated by various ATP analogs 4, 34, 53 . It has been postulated for some homohexameric unfoldases, including PAN and HslU, that ATP hydrolysis may drive conformational changes in the C-terminal tails of individual subunits and thereby regulate nucleotide-dependent binding and gating interactions with the peptidase 7, 34, 54 . On the basis of this model, an ATPbound subunit would have an exposed C-terminal tail that interacts with the core particle, whereas an empty-or ADP-state subunit would have its tail buried in an occluded conformation. It has been further proposed that at any given time, the 26S proteasome has only two Rpt subunits, arranged in para position across the ring, in an ATP-bound state with their C-terminal tails exposed for peptidase interaction 52 .
We tested whether peptidase interaction of an Rpt tail depends on the nucleotide state of the particular subunit. According to this model, removing a given tail should resemble trapping that subunit in an empty-state conformation. We therefore prevented nucleotide binding to individual Rpt subunits by mutating the conserved lysine to serine (K→S) in their Walker-A motifs (Supplementary Note). We produced base variants with single-subunit K→S mutations and found that only mutation of Rpt2 caused severe base-assembly defects. Characterization of the other K→S mutants demonstrated that trapping a particular Rpt subunit in an empty state has much weaker effects on gate-opening activity than truncating its C-terminal tail (Fig. 5a) . Base variants containing the K→S mutation in Rpt3 or Rpt5 retained 58% or 59% of the wild-type gate-opening activity, respectively, whereas the corresponding tail-less mutants showed only 5% or 7% activity. Trapping Rpt6 in an empty state preserved 54% of the wild-type activity, whereas removing its tail reduced gate opening to 25%. Moreover, all base variants with single K→S mutations exhibited some degree of misassembly, such that the measured gate-opening activities represent only lower bounds. Thus, contrary to what has been proposed in previous models, the C-terminal tails are accessible for peptidase binding independent of the nucleotide state of individual Rpt subunits, even though the base-core interaction depends on a global ATP-bound conformation of the Rpt ring. Untagged lid and CP subcomplexes were pulled down using His 6 tags on Rpt3 (base) and Rpn10. Lanes are labeled I (input) and E (elution), and nonspecific contaminant bands are labeled with an asterisk. Removal of individual HbYX-containing tails (Rpt2, Rpt3 and Rpt5) did not abolish base binding to CP. The NT164 base variant exhibited CP binding comparable to that of WT base, whereas removal of the three HbYX-containing tails (NT235) abrogated CP binding. The NT235 base mutant also exhibited reduced lid binding, consistent with the fact that purified base and lid subcomplexes did not form stable regulatory particle when reconstituted in the absence of CP (R.B., unpublished data). This observation was made for WT base and lid subcomplexes independent of whether they were isolated from endogenous or recombinant sources.
npg a r t i c l e s
The Walker-A mutants were not suited to be used to qualitatively analyze the contributions of individual Rpt subunits to substrate processing, as they caused universally severe degradation defects ( Table 1) . In contrast to fixing subunits in an ATP-bound state with a Walker-B mutation, empty-state subunits potentially influence the hexamer conformation or compromise subunit communication that is required for processive ATP hydrolysis in the ring.
DISCUSSION
Our mutational studies using the heterologously expressed base subcomplex and in vitro-reconstituted 26S holoenzymes revealed that substrate degradation by the proteasome relies on distinct functional asymmetries with strongly nonequivalent contributions of individual Rpt subunits. Whereas a static three-fold symmetry determines the interactions between the base ATPase ring and the core particle, substrate degradation seems to depend on asymmetric spiral-staircase arrangements of the ATPases in which subunits close to the pore entrance have crucial roles in substrate engagement (Fig. 7) .
Our data demonstrate a clear three-fold symmetry at the base-core interface in which the HbYX-containing C-terminal tails of the alternating subunits Rpt2, Rpt3 and Rpt5 are critical for both binding the core particle and triggering gate opening (Fig. 7) . The tails of the interjacent subunits Rpt1, Rpt4 and Rpt6 are dispensable for the base-peptidase interaction, and Rpt1 and Rpt4 are largely irrelevant for gate opening. The apparent function of the Rpt6 tail in core-particle gating may result from the role of Rpt6 in ensuring the correct register of the heterohexameric base on top of the α-ring of the core particle. Recent structural and functional data have suggested that Rpt6 has a role in base-core assembly, and its C terminus is the only non-HbYX tail that docks into just one specific α-pocket 33, 51 . It is thus possible that the tail of Rpt6 prevents the neighboring HbYX-containing tails from mispairing with this pocket.
Interactions of the three HbYX-containing tails with the peptidase seem static and independent of the nucleotide state of the particular Rpt subunits. This finding contradicts previous models proposing that the Rpt C-terminal tails change conformation during the ATP hydrolysis cycle and thus lead to a 'wobbling' of the base on top of the peptidase 7, 34, 52 . Earlier structural studies have demonstrated that in the absence of ATP several AAA+ hexamers adopt a 'lockwasher' conformation [55] [56] [57] that probably prevents binding to the planar surface of a peptidase. The ATP dependence of the base-core interaction thus seems to originate not from conformational changes of individual tails but rather from the global geometry of the ATPase ring, which must be at least partially nucleotide bound to facilitate peptidase docking.
Eliminating ATP hydrolysis or introducing Ar-Φ-loop mutations in single Rpt subunits revealed that the lid-facing half of the ATPase ring is particularly crucial for substrate degradation. These key Rpt subunits occupy top positions in the spiral-staircase arrangement that is adopted by the large AAA+ subdomains in the absence of substrate (Fig. 7) , and they must undergo ATP hydrolysis-induced conformational changes to engage an incoming substrate and initiate translocation. The Rpt hexamer then transitions to an alternative, more planar staircase arrangement in which Rpt1 occupies the top position and rigid-body interfaces are formed between most subunits 20 . Our data suggest that ATP hydrolysis in Rpt1 is more important than that in neighboring subunits to drive substrate translocation, possibly because Rpt1 triggers a burst of coordinated hydrolysis events around the ring. Nevertheless, individual Rpt subunits may contribute more equally to translocation once substrate is engaged. Spiral-staircase arrangements have been observed previously in several homohexameric motors of the AAA+ and RecA families, and it has been suggested that individual ATPase subunits successively transition through the different vertical registers of the spiral to drive substrate translocation 47, [57] [58] [59] [60] . However, the apparently rigid spiral-staircase configurations previously observed for the proteasomal ATPase ring in the absence or presence of substrate, together with our biochemical data presented here, contradict stepwise successive progression of individual Rpt subunits through the different registers. Instead, the proteasome base relies on differential subunit contributions that are prescribed by the asymmetric architecture of the regulatory particle. Conformational changes in the top subunits of a pre-engaged staircase thread an incoming substrate, before the ATPase ring switches to an engaged staircase arrangement in which subunits contribute more equally to protein translocation.
Although all mutant base complexes in this study were characterized by in vitro assays that may or may not wholly recapitulate the complexity of in vivo conditions, our results agree with and substantially extend earlier findings, suggesting nonequivalent contributions of individual Rpt subunits to substrate processing by the 26S proteasome [21] [22] [23] . Protein degradation by the proteasome deviates from models that have been previously proposed for other AAA+ unfoldases, pointing toward major differences between the operating principles of homohexameric and heterohexameric AAA+ motors. Future experiments will need to address to what extent these motor designs rely on different strategies for substrate engagement, generation of mechanical force for unfolding and translocation of the polypeptide chain into a peptidase for degradation.
METHODS
Methods and any associated references are available in the online version of the paper. 
